Wound healing includes processes such as cell migration, extracellular matrix deposition, remodeling, and angiogenesis. In addition, antioxidative and anti-inflammatory reactions play key roles in the process of wound healing. Previous studies showed that Linum usitatissimum (LU) had anti-inflammatory, antimicrobial, and antioxidant activities. LU also stimulates fibroblast proliferation in the skin tissue.
Background
Wound repair is a complex and dynamic cascade of events involving various biochemical and cellular processes (1) . Inflammation begins immediately after wound occurrence, by the release of leukotrienes, prostaglandins, and free radicals. Growth factors then regulate collagen deposition, epithelization, and angiogenesis in the cellular proliferation stage. Finally, tissue remodeling occurs and encompasses fibroblast proliferation and accumulation of collagen fibers (2) (3) (4) . Anti-oxidative and anti-inflammatory reactions also play key roles in the progression of wound healing (2, 4) .
One of the clinical impediments in the process of wound healing is infection (5) . Studies on several plants have confirmed that components such as phenolic compounds had potential antimicrobial and antiviral properties and also act as antioxidants to scavenge free radicals and inhibit lipid peroxidation (6, 7) . On the other hand, herbal medicine has received much attention from researchers, due to its rare side effects and cost-effectiveness (8, 9) .
Flax (Linum usitatissimum, LU), a member of the Linaceae family and a well-known, traditionally used herbal medicine, is an economically important oilseed crop cultivated worldwide. Many studies have shown the presence of biologically active compounds, such as serum cholesterol level, decreasing the rate of tumor growth, and decreasing the incidence of prostate, breast, and colon cancers (11) (12) (13) (14) .
It has been demonstrated that omega 3 fatty acids and α-linolenic acid have potential anti-inflammatory, antihistaminic, antimicrobial, and anti-bradykinin activities (15, 16) . Other derivatives, such as phenylpropanoids and secoisolariciresinol diglucoside, have powerful antioxidant activities (17) . In addition, linseed oil stimulates production of growth factors, fibroplasia, and neovascularization, that can affect the wound healing process (18) (19) (20) .
Objectives
The current study was conducted to evaluate the healing effects of topical LU on full thickness skin wounds in rat models by using histomorphometrical and stereological methods.
Methods

Extraction of the Seeds and Preparation of LU Gel
LU seeds were obtained from the Medipress Herbarium of Shiraz, in southwest Iran (Code: 3101). Plant seeds were crushed and cold-macerated in petroleum ether (40 -60°C; 7 days), which was then evaporated from the plant's extract. The oil was filtered until clarity and was stored at room temperature. The oil density was 0.931 g/mL, and the yield was 17.5% v/w of the fixed oils, with reference to dried seeds.
LU hydroalcoholic extract was produced. In order to facilitate the application, LU 5% and 10% gels were provided by dissolving 5 and 10 g LU in 2 cc distilled water, respectively. The solution was transferred into 2% carboxymethylcellulose (CMC; 2 g dissolved in 98 cc distilled water). The vehicle (gel base) was also supplied separately by the same method, but without the LU component. The concentrations of the herb were chosen according to a previously conducted pilot study in our center, by which the most effective dosages with the lowest concentrations were selected.
Animals and Excision of Wound Model
In this experiment, 48 female Wistar rats (200 ± 20 g; 2 -3 months old) were kept in standard cages with food and water ad libitum and randomly divided into four groups (n = 12): vehicle-(gel base) treated group, LU 5% gel-treated group, LU 10% gel-treated group, and the control group, which received no treatment.
On the first day, under general anesthesia induced by ether inhalation, a 1 cm 2 circular, full thickness skin wound was made on the posterior surface of each rats's neck. The topical administration of gels was performed (gel base, LU 5%, and LU 10%) after creating the wounds and repeated every 24 hours, in a standard manner, until the last day of the study (day 15). The last day of the study was assigned as the day in which at least one of the wounds in any group was closed. The animals were sacrificed with a high dose of ether on day 15. Full thickness skin samples (1.5 × 1.5 cm) were provided and fixed in buffered formaldehyde (pH = 7.2) for further evaluation.
The protocol of the study was approved by the medical ethics committee of Shiraz University of Medical Sciences, and the animal care was in accordance with the related guidelines.
Stereological Study
The area of the wound was measured every three days, starting from day 0, by using a digital photograph and a previously reported stereological method used by Ashkani-Esfahani et al. (21) . For calibration of the magnification, in each photograph, a standard ruler was set at the level of the wound. All results were estimated by using stereology software composed of a point grid ( Figure   1 ), and by using the following formula: Area = P × a/p; P were the total points laid on the wounded area, and a/p was the area surrounded by four crosses (area per point; mm 2 ). Thereafter, the wound closure rate was calculated as wound closure rate (%) = ((area at visit 1 -area at each visit)/area at visit 1) × 100.
Nine random pieces of each skin sample, each about 1mm2, were cut and prepared for histomorphometrical analysis. The pieces of each sample were embedded in a paraffin block and sectioned by using the isotropic uniformly random sectioning (IUR) method, with 5 and 15µm thicknesses. All samples were stained with both H & E and Hedenhain's azan-trichrome stains for microscopic analysis.
The volume densities of the vessels, collagen bundles, and hair follicles (Vv; fraction of the dermis which was occupied by the vessels, collagen bundles, or hair follicles) were estimated by using the stereological point counting method obtained from previously conducted research by Ashkani-Esfahani et al. (21) .
The numerical density of the fibroblasts (Nv; cell count per unit volume of the dermis) was estimated by using the 15µm slides and the "optical dissector" method, which was acquired from research conducted by Khoshneviszadeh et al. (22) .
Statistical Data Analysis
Results were reported as mean and standard deviation (mean ± SD). SPSS statistical software (ver. 16 perform the statistical comparisons between the groups. The statistical analyses were carried out by employing oneway ANOVA and Tukey's post hoc tests. Furthermore, a P value of ≤ 0.05 was noted as statistically significant.
Results
Area of the Wounds
The initial mean wound area was 103.73 ± 5.21 mm 2 (range 96.62 -112.84 mm 2 ), with no significant difference among the four groups. However, the rate of wound closure in the LU 5%-(9.43%/day) and LU 10%-(9.81%/day) treated groups was significantly higher (P < 0.05) in comparison to the base (4.93%/day) and the control groups (4.43%/day) ( Figure 2 ). In addition, the group treated with the gel base revealed an insignificantly slower closure rate, compared to the control group. According to Figure 2 , the wound areas in the gel base and control groups increased up to day 3, then decreased, with a slope almost similar to the LUtreated groups. 
Fibroblast Population
The numerical densities of the fibroblasts in the dermis of the LU-treated groups were noticeably higher than Trauma Mon. 2017; 22(6):e64930. those of the control and base groups. The numerical density of the fibroblasts in the LU 5%-and LU 10%-treated groups was 56.8% (P = 0.023) and 41.1% (P < 0.034) higher than the controls, respectively, and 80.5% (P = 0.009) and 62.29% (P < 0.013) higher than the base group, respectively ( Table 1) .
Volume Densities of the Collagen Bundles and Hair Follicles
The volume densities of the collagen bundles were significantly higher, by 37.34% (P = 0.001) and 39.94% (P < 0.001), in the LU 5%-and LU 10%-treated groups, in comparison to the control group (Table 1 ). In contrast with the gelbase group, the volume densities of the collagen bundles were significantly higher, by 48.60% and 51.42% (P < 0.001), in LU 5% and LU 10%, respectively. The volume densities of the hair follicles in the LU 5%-and 10%-treated groups were significantly higher, in contrast with the gel base-treated group (P = 0.048 and P = 0.033, respectively) and the control group (P = 0.034 and P = 0.008, respectively).
Volume Density, Length Density, and Diameter of the Vessels
The length densities of the vessels in the LU 5%-and 10%treated groups were significantly higher, compared to the base group (P = 0.013 and P = 0.007, respectively) and the control group (P = 0.015 and P = 0.008, respectively). As shown in Table 1 , there was no considerable contrast regarding the volume densities and mean diameters of the vessels between the LU-treated groups and control and gel base groups.
Discussion
The healing of skin wounds is a complicated process variety of cell types play roles during the proliferation process as well as migration, synthesis of the matrix, and wound contraction (10) . Reduced cell and growth factor response, causing less peripheral blood flow and local angiogenesis, can lead to a delayed wound healing process in diabetics (23) .
According to encompassing α-linolenic acid and omega 3 fatty acid, LU has anti-inflammatory, antihistaminic, anti-bradykinin, antioxidant, and antimicrobial activities (24) . de Souza Franco et al. (10) indicated LU's potential in repairing dermal wounds when it was used at low concentration by administering Line-seed oil (1%, 5%) in topical experimental excisional wounds. However, in our investigation, both 5% LU and 10% LU had equally significant effects. Albina et al. (25) found no significant differences in collagen deposition and the mechanical resistance of rat's skin to traction of the site of incision between the groups treated with line-seed oil and the control group. Our results were similar to those of Mc-Daniel et al. (26) , whose study showed that, among many lipid inductors, PUFAs are the main principles engaged in the inflammatory response, which includes chemotaxis, vascular contraction, transmigration, adhesion, and cell activation, which are important functions in tissue repair.
The results of this study indicated that the LU can improve fibroblast proliferation, as well as collagen bundle synthesis and re-vascularization in excisional skin wounds. Considering the findings of the present study and previous reports on the effects of LU, this compound is assumed to have the ability to be introduced as a promising alternative treatment for full thickness skin wounds. However, we suggest more research, especially clinical trials, in order to compare this agent with other commonly occupied herbal and chemical medicines.
Conclusions
According to our evaluations, topical LU showed the potential to enhance the wound healing process and tissue regeneration in the treatment of skin damage. 
